A study of the conductance noise in a two-dimensional electron system (2DES) in Si at low temperatures (T ) reveals the onset of large, non-Gaussian noise after cooling from an equilibrium state at a high T with a fixed carrier density ns. This behavior, which signifies the falling out of equilibrium of the 2DES as T → 0, is observed for ns < ng (ng -glass transition density). A protocol where density is changed by a small value ∆ns at low T produces the same results for the noise power spectra. However, a detailed analysis of the non-Gaussian probability density functions (PDFs) of the fluctuations reveals that ∆ns has a qualitatively different and more dramatic effect than ∆T , suggesting that ∆ns induces strong changes in the free energy landscape of the system as a result of Coulomb interactions. The results from a third, waiting-time (tw) protocol, where ns is changed temporarily during tw by a large amount, demonstrate that non-Gaussian PDFs exhibit history dependence and an evolution towards a Gaussian distribution as the system ages and slowly approaches equilibrium. By calculating the power spectra and higher-order statistics for the noise measured over a wide range of the applied voltage bias, it is established that the non-Gaussian noise is observed in the regime of Ohmic or linear response, i.e. that it is not caused by the applied bias.
I. INTRODUCTION
Many novel materials find themselves close to the metal-insulator transition (MIT), where strong electronelectron interactions and disorder are believed to give rise to a variety of complex phenomena.
1 Near the MIT, these two effects are usually comparable in magnitude, so that their competition is expected to lead to glassy behavior of electrons, in analogy with other frustrated systems.
2,3 A common denominator for all glasses is the existence of a complex or "rugged" free energy landscape (FEL), consisting of a large number of metastable states, separated by barriers of different heights. This results in phenomena such as slow, nonexponential relaxations, divergence of the equilibration time, and breaking of ergodicity, i.e. the inability of the system to equilibrate on experimental time scales. Therefore, such out-ofequilibrium systems also exhibit aging effects, 4, 5 where the response to an external excitation (i.e. relaxation) depends on the system history in addition to the time t. A detailed analysis of temporal fluctuations (noise) of the relevant observables yields complementary information on configurational rearrangements or transitions between metastable states. Non-Gaussian distributions of various observables in glassy systems have been reported, 6 reflecting the presence of large, collective rearrangements.
Most experimental studies of charge or Coulomb glasses have focused on situations where electrons are strongly localized due to disorder, far from the MIT. 7 In recent years, however, a two-dimensional electron system (2DES) in Si metal-oxide-semiconductor field-effect transistors (MOSFETs) has emerged as an excellent model system for studying glassy or out-of-equilibrium charge dynamics near the MIT. 8 In particular, studies of both relaxations and noise on very disordered samples have established that the 2DES in Si exhibits all the main manifestations of glassiness: slow, correlated dynamics (non-Gaussian noise), 9,10 nonexponential relaxations, 11 diverging equilibration time (as temperature T → 0), 11 aging and memory. [12] [13] [14] Glassiness is observed for all carrier densities n s < n g , where n g > n c (n c -the critical density for the MIT), thus giving rise to an intermediate glassy, "bad metal" phase (k F l < 1; k F -Fermi wave vector, l -mean free path). In a 2DES with a relatively low amount of disorder, noise studies show that the intermediate phase becomes vanishingly small, i.e. n g n c .
10,15
These observations are consistent with predictions of the theoretical models that describe the MIT as a Mott transition with disorder. 16 The results presented here were obtained on samples with a relatively large amount of disorder, where the intermediate (n c < n s < n g ) glassy phase is more pronounced, as mentioned above. We note that aging studies have found 13, 14 that an abrupt change in the nature of the glassy phase occurs at n c , i.e. at the 2D MIT, signifying the intrinsic glassiness of the 2DES.
Glassy dynamics in a 2DES in Si has been studied using several different experimental protocols, all of which involved rapid changes of n s ("∆n s protocol"). For example, a large, rapid (within 1 s) change of n s at a low enough T results in a nonexponential relaxation of conductivity σ(t) towards a new equilibrium value.
11 Small changes of n s at low T do not produce any observable relaxations, 13 but have led to the observations of nonGaussian fluctuations in σ(t). 9, 10, 15 On the other hand, in other types of glasses (e.g. structural, spin), studies of aging processes and other glassy properties are typically carried out following a thermal quench from an equilibrium state at a high T to a nonequilibrium state at a low T . The analysis of the relaxations following such a thermal quench, however, is greatly complicated by their non-trivial dependence on the cooling time and, hence, a fairly fast cooling process is essential (see, e.g., Ref. 17) . It is of fundamental interest to establish whether the charge glass realized in a 2DES in Si also falls out of equilibrium as T is reduced, in common to other types of glasses.
Here we investigate the charge dynamics in a 2DES in Si at low n s , near the MIT, after cooling from an equilibrium state at a high T with a fixed n s ("∆T protocol"). Since it is not possible to achieve rapid cooling in our experimental set-up (the shortest cooling time is about 30 minutes), we focus on the resulting fluctuations (noise) in σ(t). After describing the samples and measurement techniques in more detail (Sec. II), we present the analysis of the noise power spectra obtained using a ∆T protocol (Sec. III). The results demonstrate the glassy arrest of the charge dynamics for n s < n g , where the glass transition density n g is the same as that found in noise studies that employed ∆n s protocols.
9,10
The power spectrum, being the Fourier transform of a temporal correlation function, only provides information about the second moment of the fluctuating quantity. Additional information can be extracted from the full probability distribution of the fluctuations. Therefore, in Sec. IV, we compare the probability density functions (PDFs) obtained in the two protocols, ∆n s and ∆T . While in both cases the PDFs are non-Gaussian for n s < n g , the change of the carrier density has a qualitatively different and more dramatic effect than ∆T . In particular, the results suggest that ∆n s induces strong changes in the free energy landscape of the system, which should have important implications for theoretical modeling of the glassy dynamics in a 2DES.
For a ∆T protocol, the power spectra and the second spectra [18] [19] [20] of the noise in the glassy regime have also been investigated for different values of the excitation voltage V exc used in the measurements of σ. In indium oxide, another realization of a Coulomb glass, the nonGaussian noise was attributed to a non-linear mechanism caused by the high applied bias. 21 As shown in Sec. V, in the 2DES in Si the large, non-Gaussian noise does not depend on the applied bias over more than two orders of magnitude variation of V exc , providing additional evidence that it reflects the intrinsic glassiness of the 2DES. The main results are summarized and discussed further in Sec. VI.
II. EXPERIMENT A. Samples and measurement techniques
Measurements were carried out on rectangular nchannel (100)-Si MOSFETs with a relatively large amount of disorder. Similar to previous studies, The conductivity σ was measured using a standard two-probe ac technique (typically at ∼ 11 or 13 Hz) with an ITHACO 1211 current preamplifier, and either a PAR124A or a SR7265 lock-in amplifier. The contact resistances and the contact noise were determined to be negligible in these samples. 9 Unless noted otherwise (see Sec. V), the excitation voltage V exc was kept constant and low enough (2 − 10 µV) to ensure that the conduction was Ohmic. The low-frequency of V exc was limited by the low cut-off frequency of RC filters, which were used to reduce external electromagnetic noise, as well as by high resistance of the samples. A precision dc voltage standard (EDC MV116J) was used to apply the gate voltage V g , which controls n s : n s (10 11 cm
3). Measurements of current (I) fluctuations as low as 10 −13 A were performed both in a dilution refrigerator and in a 3 He system (base T = 0.24 K). Relatively small fluctuations of T , V g , and V exc were ruled out as possible sources of the measured noise, since no correlation was found between them and the fluctuations of I. The background noise was measured for all n s and T by setting V exc to zero. It was always independent of frequency (i.e. white) and usually several orders of magnitude smaller than the sample noise.
B. Temperature dependence of the time-averaged conductivity Figure 1 shows the time-averaged (see Sec. III) conductivity σ as a function of T for different n s for one of the samples. The density was varied at T ≈ 10 − 12 K, where the 2DES is in a thermal equilibrium. 11 The critical density n c is determined from the fits to σ(n s , T ) on both metallic and insulating sides of the MIT, as discussed in detail elsewhere. 9, 10, 14, 15 In particular, in the insulating regime, the transport is thermally activated, whereas in the intermediate, n c < n s < n g glassy phase, σ(n s , T ) acquires a very specific, non-Fermi liquid T 3/2 correction. In all samples, n c = (4.5±0.4)×10 11 cm −2 , and the glass transition density determined from ∆n s protocols 9, [11] [12] [13] [14] was n g = (7.5 ± 0.3) × 10 11 cm −2 . The error bars account for sample-to-sample variations.
III. CONDUCTANCE NOISE FROM A ∆T PROTOCOL
In a ∆T protocol, each noise measurement starts by fixing the carrier density n s at T ≈ 10 − 12 K. The sample is then cooled to the measurement temperature. The cooling times varied from 30 minutes to 10 hours, with no effect on the noise results. In addition, such slow cooling did not result in any visible relaxations, at least on our experimental time scales. Typical data are presented in Fig. 2 (a), which shows the relative fluctuations ∆σ(t)/ σ vs time for several n s measured at T = 0.24 K. It is obvious that, by decreasing n s , the amplitude of the fluctuations increases dramatically. Even more striking is the change in the character of the noise: at low n s , fluctuations occur on many different time scales, including slow changes over periods of several hours; at high n s , on the other hand, the variance of the noise no longer varies with time. These features are more apparent in Fig. 2(b) , where we choose to plot the same ∆σ(t) = (σ(t) − σ ) normalized by δσ, the square root of the variance of the fluctuations. The increase in the noise magnitude with decreasing n s is clearly accompanied by the onset of nonGaussian behavior, similar to the noise results obtained from a ∆n s protocol.
9,10,15
The normalized power spectra of the relative changes in conductivity ∆σ(t)/ σ are found to obey the empirical law S I ∝ 1/f α (f -frequency). In order to compare the noise magnitudes under different conditions, the spectra were averaged over octaves, and the resulting fraction of power S I (f = 1 mHz) is taken as the measure of noise. Figure 3 (a) shows that S I (f = 1 mHz) increases by several orders of magnitude as n s is reduced below ∼ 7 × 10 11 cm −2 , while α rises rapidly to a much higher value [ Fig. 3(b) ] in the same range of n s . Both effects indicate that the electron dynamics suddenly and dramatically slows down for n s < n g ∼ 7 × 10 11 cm −2 , which is precisely the regime where non-Gaussian behavior of the noise is also observed (e.g. Fig. 2 ). Therefore, the results of the noise measurements obtained using a ∆T protocol (black triangles in Fig. 3 ) also provide evidence for glassy freezing of the 2DES for n s < n g , with the value of n g in agreement with that obtained from ∆n s protocols. Furthermore, the values of S I (f = 1 mHz, n s ) and α(n s ) have been compared to those from a ∆n s protocol (see, e.g., Fig. 4 ). In the latter, n s was changed in small steps (typically ∼ 0.2 × 10 11 cm −2 ) at low T , where the equilibration times exceed the experimental time scales.
11 Figure 3 includes the results for S I and α obtained by changing n s at 1 K, 0.8 K (as in Ref . 9) and 0.24 K. Both the noise magnitude and the exponent α demonstrate that ∆T and small ∆n s protocols produce the same results. While both protocols, cooling with a fixed n s and a small change of n s at low T , provide evidence for the onset of glassy dynamics from the fluctuations of σ(t), we note that there are no visible relaxations of σ following either process. In both cases, though, the size of the perturbation (k B ∆T ∼ 10 K or ∆E F ∼ 1 − 2 K, respectively, where E F is the Fermi energy) is much smaller than E F (∼ 20 − 60 K), 22 i.e. probably too small to lead to any observable relaxations. The relaxations were indeed observed for much larger changes of n s , [11] [12] [13] 
Since ∆E F > k B T in all ∆n s protocols on a 2DES in Si MOSFETs, the perturbative treatments of the effect of the gate voltage, 24, 25 which may be relevant for other materials, are not suitable for this system. In particular, here the applied ∆V g (i.e. ∆E F ) are expected to The data were obtained (a) after changing ns at 10 K, followed by a slow decrease of T for about 12 hours (∆T protocol), and (b) after a small ns change (∆ns ≈ 0.22 × 10 11 cm −2 ) at low T = 0.24 K (∆ns protocol). In another run, (c) ns was changed at 1 K (∆ns protocol); after staying at 1 K for two hours, T was lowered to 0.24 K in one hour, and σ(t) was then measured.
trigger major, collective rearrangements of the electron configuration. As shown below (Sec. IV A), a comparison of the full distribution of the fluctuations obtained from the two protocols demonstrates that even a small ∆n s (∆E F ≪ E F ) has a qualitatively different effect than ∆T , even though the results for the noise power spectra (Fig. 3) and σ(n s , T ) are the same within experimental error.
IV. DISTRIBUTION FUNCTIONS OF THE FLUCTUATIONS
In systems that are in equilibrium and away from criticality, the probability density functions (PDFs) of fluctuations in global quantities are Gaussian, according to the central limit theorem, which is based on the hypothesis that the system may be decomposed into many uncorrelated elements. When this condition is not satisfied, e.g. due to the divergence of the correlation length at criticality or slow, nonexponential decay of correlation functions in glassy systems, non-Gaussian PDFs have been observed in a number of disparate systems.
A. PDFs from ∆ns and ∆T protocols Figure 5 shows some typical PDFs of the conductance (G) fluctuations for n s < n g measured in a ∆n s protocol. The density n s , lying in the metallic glass regime (n c < n s < n g ), was fixed at T ≈ 0.8 K after a small change ∆n s = 0.
The sample was then cooled down to T = 0.13 K, and G(t) was recorded over sixteen sequential intervals of about 35 minutes each. The PDFs, shown in Fig. 5(a) for three out of sixteen intervals, are clearly not Gaussian, but rather have a complicated, multi-peaked structure that changes with time.
These results indicate that, on experimental time scales, the 2DES "visits" only a small number of states, but that new states also become available with time. This is also reflected in the correlated "wandering" of the PDFs with time [ Fig. 5(b) ]. For n s > n g , on the other hand, the PDFs become Gaussian (not shown) on much shorter time scales.
The PDFs obtained from a ∆T protocol (Fig. 6 , left column) exhibit the same general behavior: they are nonGaussian for n s < n g and Gaussian for n s > n g . (Even though the non-Gaussian shape of the PDFs for n s < n g is more obvious on a semi-log scale, they are presented on a linear scale for easier comparison to the effects of ∆n s . See also Sec. V.) Here, however, even the non-Gaussian PDFs are smooth, single-peaked functions, reminiscent of PDFs in a variety of systems displaying critical, 26, 27 glassy, 6 or other out-of-equilibrium behavior (e.g. the Danube water level 28 ). In all these systems, the PDFs are skewed, resembling a zero-centered Gaussian, which describes pseudo-equilibrium fluctuations, with one (exponential) tail that is due to large, rare events. In that context, the totally irregular structure of the PDFs obtained after a small ∆n s (Fig. 5) is striking.
The above differences can be understood in the following way. After cooling, the 2D charge glass settles in a deep energy valley, perhaps a global minimum of the FEL, corresponding to a given n s . As a function of time, the system will explore the subvalleys of the energy landscape, but it will in general remain in the "main", deep valley. Such pseudo-equilibrium fluctuations will produce PDFs of the type shown in the left column of Fig. 6 . In the ∆n s protocol, in contrast, a change in the number of charge carriers reshuffles all energies because of the Coulomb interactions, so that the 2DES in general no longer finds itself in the minimum of the FEL. This will result in a more dramatic wandering of the system through the FEL, producing the PDFs of the type shown in Fig. 5 .
B. PDFs from a waiting-time protocol
Large ∆n s (∆E F > E F ) lead to observable relaxations in σ(t). This effect has been used to investigate aging and memory in a 2DES in Si by employing the so-called waiting-time (t w ) protocol, 12-14 which consists of the following. It starts with a ∆T protocol, i.e. cooling at a fixed density n 0 and measuring noise (see left column in Fig. 6 for the corresponding PDFs). The density is then switched rapidly (within 1 s) to a different value n 1 , where it is kept for a time t w . During that time, the
FIG. 6: (Color online) Sample A. PDF vs [σ(t) − σ(t) ]/ σ0
at T = 0.24 K for several n0, as shown. σ0 is the timeaveraged conductivity corresponding to n0 at the measurement T , obtained from a ∆T protocol. The red curves are fits to a Gaussian distribution. Left column: PDFs of the noise after cooling from 10 K to 0.24 K for each given n0 (∆T protocol). The cooling time was at least one hour long. In this protocol, σ(t) ≡ σ0 , i.e. there are no observable relaxations after cooling. Right column: PDFs of the noise measured after a subsequent change of ns from n0 to a much higher value n1 = 20.26 × 10 11 cm −2 during tw = 1000 s. In this protocol, σ(t) describes the slowly relaxing background. system relaxes away from its initial (pseudo-)equilibrium state determined by n 0 and towards a new equilibrium state determined by n 1 . Finally, the density is changed back (within 1 s) to n 0 at t = 0, and the slowly evolving σ(t) is measured. We note that here t = 0 is defined as the time when the charge carrier density reattains its original value n 0 . If t w is shorter than the equilibration time, then σ(t) will depend on t w , i.e. on the measurement history (aging efect). It is also said that the system has a memory of the time it spent with n 1 . Here we focus on that situation, i.e. on noise during aging. Figure 6 presents a comparison of the PDFs obtained from ∆T (left column) and t w (right column) protocols for different n 0 and the same n 1 = 20.26 × 10 11 cm −2 and t w = 1000 s. For the highest n 0 n g , the PDFs are Gaussian in both protocols, with roughly the same standard deviation. For lower n 0 , however, there are some remarkable differences. First, the noise after a temporary density change is much larger than the noise before the change, that is, after a ∆T protocol. At the lowest n 0 , this difference amounts to more than one order of magnitude, as first noted in Ref. 13 . Second, the change of density during t w results in complex, multi-peaked, totally random-looking PDFs, analogous to those obtained from ∆n s protocols (Sec. IV A). These differences are even more striking considering that, for a given n 0 , the PDFs in Fig. 6 were obtained from the measurements that were carried out under exactly the same experimental conditions; the only difference was in the sample history.
These results imply the existence of a rugged free energy landscape that is modified in a non-trivial way by all ∆n s of practical interest (corresponding to ∆E F > k B T ). The rearrangements of the electron configuration and the reshuffling of the FEL caused by Coulomb interactions will clearly need to be taken into account in theoretical models of the glassy dynamics of the 2DES in Si. This complicated problem is further aggravated by the proximity to the MIT, where substantial changes in the screening of the 2DES may be expected.
29-31
The large noise that accompanies the aging process reflects the collective wandering of the 2DES through the FEL, as the system relaxes towards a global minimum that corresponds to the equilibrium state. In other out-of-equilibrium systems (e.g. polymers and colloidal glasses, 32 , conventional spin glasses 33 ), the PDFs have been observed to evolve towards a Gaussian shape as the system ages. Here the evolution of the PDFs has been investigated from the data obtained in several consecutive time intervals, during the relaxation of σ(t) induced using a t w protocol, as described above. A typical behavior is presented in Fig. 7 , which shows the PDFs for the same density n 0 = 3.02 × 10 11 cm −2 in the insulating regime (n 0 < n c ) and for three different t w . In each case, the PDFs for four consecutive 3-hour time intervals demonstrate that the noise indeed becomes more Gaussian with time, as the system slowly approaches equilibrium.
Understanding of the age dependence of the PDFs is a non-trivial problem in general. Even in situations where PDFs feature a "simple" zero-centered Gaussian with an exponential tail, different models have been proposed. In addition, numerical simulations of aging models have been performed, including those based on energy landscapes with hierarchically organized metastable states (see, e.g., Ref. 34). While it is unclear whether any of that work is relevant to our system, we note that resistance noise measurements on both spin glasses 20 and the Coulomb glass in a 2DES in Si 10 have provided support for the hierarchical picture of glassiness. 35 A number of other, remarkable similarities in the phenomenological behavior of these two types of glassy systems have been also reported. [σ(t)− σ(t) ]/ σ0 at T = 1 K for n0 = 3.02 × 10 11 cm −2 , following a change of ns to n1 = 20.26 × 10 11 cm −2 during (a) tw = 10 s, (b) tw = 1000 s, and (c) tw = 31600 s. For each tw, n0 was initially set at 10 K. Different curves correspond to PDFs for four consecutive 3-hour time intervals, as shown. The PDFs become more Gaussian with time, as the system ages.
V. DEPENDENCE OF CONDUCTANCE NOISE ON APPLIED ELECTRIC FIELD
The emergence of the non-Gaussian conductance noise for n s < n g , i.e. in precisely the same regime where relaxations exhibit the out-of-equilibrium behavior, 11-14 as well as the detailed study and comparison of the noise obtained using different protocols (Secs. III and IV), clearly demonstrate that it reflects the intrinsic glassiness of the 2DES. For example, the qualitatively different behavior of the PDFs measured under the same conditions, but with different sample histories (Fig. 6) , rules out any spurious effects as possible sources of non-Gaussian noise from a t w protocol. Likewise, the agreement of the results for the noise power spectra obtained using ∆T and ∆n s protocols (Fig. 3) implies that they have the same origin. Experiments on a disordered indium oxide, an electron glass deep in the insulating regime, have shown that, 21 in that system, the degree of non-Gaussian behavior may be affected by the applied electric bias V exc . In particular, the non-Gaussian nature of the noise was found to be non-monotonic with V exc , vanishing at both low and high bias, and peaking at an intermediate value of V exc . This behavior was attributed to a nonlinear effect inherent to variable-range hopping transport. While the indium oxide samples were indeed very deep in the hopping regime, this is in general not true of the experiments on a 2DES, where glassiness sets in already on the metallic side of the MIT (n g > n c ). Nevertheless, it is interesting to investigate whether similar effects might be observed also in the glassy regime of the 2DES, in particular in the range of parameters where non-Gaussian conductance noise has been studied (Secs. III, IV and Refs. 9,10,15).
In order to explore the effects of V exc , conductance noise ∆σ(t)/ σ was measured using a ∆T protocol. After changing n s at a high T (here at ≈ 20 K), the 2DES was cooled to a desired T , and σ(t) measured for constant values of V exc ranging from 0.5 µV to 1 mV. Typical data are presented in Fig. 8 , which shows ∆σ/ σ vs time for n s = 3.24 × 10 11 cm −2 in the insulating regime (n s < n c ) and for several V exc at two different T . The noise is obviously non-Gaussian and large, of the order of 100% at low T . The amplitude of the relative fluctuations decreases with increasing T , as established in earlier studies, 9,10 as well as for high enough excitations.
It is indeed obvious from the corresponding normalized power spectra S I (f ) = C/f α (Fig. 9 ) that the noise does not depend on the applied excitation at low enough V exc , but the power spectra S I become suppressed as V exc is increased beyond a certain value. A detailed comparison of the dependence of the exponent α, the parameter C, and the time-averaged conductivity σ on V exc is presented in Fig. 10 . It is apparent that σ remains Ohmic over a wide range of V exc [ Fig. 10(a) ], up to an electric field ∼ 50 V/m (V exc ∼ 100 µV) at T ∼ 0.1 K (where eV exc ∼ k B T ). In the same range of V exc , both the exponent α ≈ 1.6 [ Fig. 10(b) ] and the noise magnitude, i.e. the parameter C [ Fig. 10(c) ], also do not depend on V exc within experimental error. The latter result is expected if the applied voltage is sufficiently small to be in the Ohmic regime and if the noise is in fact due to conductance (or resistance) fluctuations. At higher V exc , where σ deviates from the Ohmic behavior, α does not seem to change with V exc or T within the scatter of data, but the parameter C clearly decreases rapidly with increasing V exc , similar to the effect of raising T . Therefore, the results strongly suggest that the suppression of the noise by high V exc is most likely caused by simple heating.
Similar to previous studies of noise on the 2DES in 
Si
10,15 and those in indium oxide 21 , the effect of V exc on the non-Gaussian character of the noise has been investigated by analyzing the second spectrum S 2 (f 2 , f ), a fourth-order noise statistic. [18] [19] [20] In particular, S 2 (f 2 , f ) represents the power spectrum of the fluctuations of S I (f ) with time. For Gaussian noise, S 2 (f 2 ) is white (independent of f 2 ). On the other hand, for non-Gaussian noise, S 2 ∝ 1/f 1−β 2 with the exponent (1−β) = 0. Therefore, the value of the exponent (1 − β) is a convenient measure of the non-Gaussian character of the noise. S 2 was analyzed by using digital filtering 36, 37 in a given frequency range f = (f L , f H ) (usually f H = 2f L ). Some examples of the normalized S 2 (f 2 ), with the Gaussian background subtracted, are presented in Fig. 11(a) for the data in Fig. 8(a) . The second spectrum is clearly non-white, in agreement with earlier work. 10 Here we find that the exponent (1 − β) ≈ 0.8 does not depend on V exc [ Fig. 11(b) ] in the regime studied. Therefore, non-Gaussian noise is observed over a wide range of electric fields in the regime of linear or Ohmic response.
Detailed studies of non-Gaussian noise in the 2DES in Si (Secs. III, IV and Refs. 9,10,15) have been performed with the applied electric fields ∼ 5 V/m, i.e. an order of magnitude lower than the field where the non-Ohmic behavior sets in (see Fig. 10 ). This is in contrast to the experiment on indium oxide, 21 , where only the non-Ohmic regime was explored, and where the non-monotonic dependence of the non-Gaussian behavior on V exc was reported. A study of such a deep non-linear regime, however, is beyond the scope of this work, so the existence of a similar effect in our system for much higher V exc cannot be ruled out. Our study does demonstrate, on the other hand, that the non-Gaussian noise in a 2DES is not due to the same non-linear mechanism caused by the high bias. Instead, it provides further evidence that the correlated noise reflects the intrinsic out-of-equilibrium dynamics of the 2DES in Si.
VI. CONCLUSIONS
We have presented a study of the conductance noise in a 2DES in Si at low T , measured by using three different experimental protocols. In the so-called ∆T protocol, the carrier density n s is fixed at a high T where the system is in an equilibrium state, and the noise is measured after cooling with a fixed n s . The results provide evidence that, similar to other types of glasses, the 2DES falls out of equilibrium as T is reduced. This glassy freezing is observed for all densities n s < n g , as T → 0.
In a ∆n s protocol, n s is changed by a small amount at such low T that the system is unable to equilibrate on experimental time scales. While the perturbations introduced by both ∆T and ∆n s protocols are too small to lead to observable relaxations of σ (i.e. k B ∆T, ∆E F ≪ E F ), they produce the same results for the power spectra of the non-Gaussian noise observed for n s < n g , where the glass transition density n g is found to be the same in both cases. The analysis of the probability density functions (PDFs) of the fluctuations, however, reveals that ∆n s has a strikingly different effect on the system than ∆T (both ∆E F , k B ∆T > k B T ). In particular, the results strongly suggest that the density change reshuffles all energies, because of the Coulomb interactions, thus modifying the free energy landscape of the 2DES. For this reason, theoretical modeling of the glassy dynamics in this system might be considerably more difficult than in some other types of glassy materials.
The effect of the density change was studied further by using a waiting-time (t w ) protocol, in which n s is changed only temporarily during t w , but ∆E F > E F . As a result of such a large perturbation, the system exhibits visible relaxations of σ, i.e. aging. [11] [12] [13] Interestingly, the nonGaussian PDFs exhibit both history dependence and an evolution towards a Gaussian shape as the system ages and slowly approaches equilibrium, similar to the behavior of a great variety of out-of-equilibrium systems.
The power spectra and the higher order noise statistics of the non-Gaussian noise have been also investigated over a wide range of the applied bias voltage. The data demonstrate that the non-Gaussian noise is observed in the regime of linear response, i.e. that it is not caused by the application of a high bias, but rather that it reflects the intrinsic out-of-equilibrium behavior of the 2DES.
In summary, we have established several new characteristics that the 2DES in Si has in common with a large class of both 2D and 3D out-of-equilibrium systems. Thus this work provides additional strong evidence that many such universal features are robust manifestations of glassiness, regardless of the dimensionality of the system. In addition, we have revealed some effects that are unique to Coulomb glasses. Therefore, our findings should be helpful in the understanding of the complex behavior near the MIT in a variety of strongly correlated materials.
